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Photofragmentation  of  the  uracil  molecule  following  carbon  1s  core  ionization  and  the  subsequent  Auger
deacy has  been  investigated.  The  applied  technique,  photoelectron–photoion–photoion  coincidence
(PEPIPICO)  spectroscopy  allows  simultaneous  detection  of  momentum-correlated  photoions  together
with the  photoelectron  and  makes  possible  a  detailed  investigation  of  different  fragmentation  processes.
In  order  to  help  the  fragment  identification,  also  uracil  where  one  of the  carbon  atoms  was  replaced  by
13C  was  measured,  with  the  assumption  that  replacement  of  one  C atom  by 13C does  not  alter  the  frag-
EPIPICO
olecular fragmentation
issociation
ime-of-flight
oincidence
ore ionization

mentation.  An  earlier  investigation  concerning  thymine  and  5-bromouracil  was  a  strong  motivation  for
the present  study.  The  present  results  confirm  the  starting  hypothesis  for  the  pattern  analysis,  that  the
fragmentation  process  is preceded  by only  one  starting  geometry  of  the  parent  molecule,  followed  by  a
number  of  sequential  bond  cleavages  and  that  all pyrimidine  derivatives  have  very  similar  fragmentation
behavior.  However,  the  replacement  of  a  hydrogen  atom  by  methyl  group,  i.e.,  the  transition  from  uracil
to thymine,  seems  to  narrow  the  range  of possible  ion fragments.
. Introduction

Uracil is a common naturally occurring pyrimidine derivative
ound in RNA, it base pairs with adenine and is replaced by thymine
n DNA. Recently there has been vivid discussion about the possible
ormation and survival of nucleobases in interstellar medium and
rimitive earth like environments [1–6]. Some nucleobases have
een found in meteoritic materials [7] and uracil have actually been
roduced in space-like conditions by radiating pyrimidine contain-

ng ice with UV-light [8].  The angle of the present study, however,
s not directly astrochemical, medical nor biological, although all
hese aspects create a strong motivation. Here the purpose is to
nvestigate the fragmentation behavior of the sample molecule fol-
owing the carbon core ionization. This study is a follow-up to our
ecent study concerning thymine and 5-bromouracil and one of
he goals is to see, how well does the hypothesis that the dicationic
ragmentation starts as a straightforward pyrimidine ring cleav-
ge work in the case of uracil. One of the consequences of this

odel is that all pyrimidine derivatives fragment very similarly.
ith thymine some calculations were also performed in order to

ee, how well some quite simple approximations describe the mea-
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sured results. Because the calculation and the experimental results
agreed so well, we  intend to perform similar calculations with uracil
[9].

There have been several different kinds of studies reported
concerning uracil and its fragmentation [10–15],  but to our
knowledge only one study focused on doubly charged uracil and
its fragmentation [16], although studies with similar molecules
have been carried out [17–19].  The method applied here
is photoelectron–photoion–photoion coincidence spectroscopy
(PEPIPICO), which is a powerful tool when investigating the
fragmentation of doubly ionized molecules into pairs of cations
[20–23]. Since the method utilizes combined ion and energy
resolved electron detection and the fragmentation follows the C
1s core ionization, one can also investigate the possible effects of
the initial ionization site on fragmentation. To reduce the ambigu-
ity in identifying ionic fragment pairs and their site origins in, the
13C-labeled uracil at the C2 site was used – see Fig. 1.

One might argue that the measurements performed in vacuum
conditions and with isolated molecules are not comparable with
those in human tissue. However, the high energies involved in these
reactions and the resulting rapid reaction make solvent effects
negligible. That is, the same initial reactions would take place in

the tissue as in the gas phase. Also, the experiments on isolated
molecules provide essential and most fundamental information
about the fragmentation induced by core ionization. Therefore it
is imperative to truly understand the processes in single molecule

dx.doi.org/10.1016/j.ijms.2011.07.006
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:ersita@utu.fi
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Fig. 1. Investigated sample molecules; uracil (a) and 13C-uracil (b).

nduced by core ionization, before the effects of chemical environ-
ent on fragmentation can begin to unveil.

. Experimental

The apparatus and method for the present
hotoelectron–photoion–photoion coincidence (PEPIPICO) mea-
urements has already been described in detail in Ref. [24], and only

 brief summary is given here. The apparatus consists of a modified
cienta SES-100 electron energy analyzer [25], where the original
CD camera was replaced by a resistive anode detector (Quantar),
nd a home-made Wiley-Mclaren type ion time-of-flight detector
ith a 400 mm long drift tube. The ion spectrometer is equipped

y 77 mm Hamamatsu MCP  detector with the anode consisting
f 10 concentric rings. The ion TOF is determined by the recharge
ignal pulse from the MCP  stack and the pulses from the anode
ings are delayed by 50–100 ns with 5 ns steps. These can be used
o determine the radial hit distance from the instrument’s axis. The
on detection electronics is based on a 1 GHz waveform digitizer
ard (Signatec PDA 1000). For the PEPIPICO measurements, the
EPICO system is operated in the pulsed extraction field mode and
n the present experiment the extraction pulse voltage was 200 V
cross the sample region, with the drift tube held at −1100 V. The
on extraction pulses were triggered by the fast preamplifier signal
rom the electron detector. Uracil sample was introduced into the
hotoionization region by evaporation from a heated oven (MBE
omponenten NTEZ40 oven) maintained between 160 and 170 ◦C.

The PEPIPICO data always contain some “false” coincidences
f particles not originating from the same molecule. The proba-
ility of such events was kept small by using low counting rates
20 electrons/s. In addition, artificial coincidence events were cre-
ted during the measurement by a pulse generator so that two
on–ion coincidence maps were collected simultaneously – one in
oincidence with electrons and one triggered by pulse generator.
he average number of ions per electron trigger was  0.8 and number
f ions per artificial trigger 0.2 (including detector noise counts).

The ions were measured in coincidence with the C 1s pho-
oelectrons at h� = 315 eV and using the electron kinetic energy
indow with range from 17 eV to 27 eV. The pass energy of the

lectron spectrometer was 100 eV and the entrance slit of the ana-
yzer was 1.6 mm,  which corresponds to the energy resolution of
bout 750 meV. The experiment was performed at beamline I411 at
AX-II synchrotron radiation facility (Lund, Sweden) [26]. Undula-

or radiation was monochromatized using a modified Zeiss SX-700
onochromator. The samples were purchased from Sigma–Aldrich

nd all were used “as is” with their stated purities being ≥99% for
racil, 99% for uracil-2-13C.
. Results and discussion

Here we investigate the correlation between fragment inten-
ities and their appearance energy (AE) values. Before going into
ss Spectrometry 306 (2011) 82– 90 83

fragment identification, an introduction to slope analysis and ab
initio quantum chemistry calculations, which were used to aid the
fragment identification, is given.

3.1. Slope analysis

All the ions formed in the sample area of the measurement
equipment are accelerated by electric field to the ion detector. If
all the ion fragments would have zero velocity after the fragmenta-
tion, all the ions having the same mass to charge ratio would have
exactly the same flight times from the sample area to the detector.
However, according to the momentum conservation law, the frag-
ments formed in a two-body dissociation event are initially ejected
toward opposite directions with velocities depending on the kinetic
energy release in the process. Therefore:

1) Each ion has a flight time T ± �T, where T is the nominal flight
time and �T  depends on the initial velocity and a direction of
the ion.

2) When plotting the coincident ion flight times in a 2D faster ion
vs. slower ion flight time coordination, the coincident fragments
appear as tilted patterns.

Let us now consider more complex dissociation mechanisms in
the context of PEPIPICO patterns and their slope values. (The dis-
cussed mechanisms are presented in Fig. 2 and the notations of the
upcoming equations follow those of Fig. 2):

1. In two-body dissociation (Fig. 2(a)) the two ions follow strict
momentum anticorrelation, which is seen as a tilted pattern of
PEPIPICO events with the slope value of k = q1/q2. For the two-
body charge separation in molecular dication, q1 = q2 = +e and
k = −1. Here q is the charge of the fragment, e is the elementary
charge and k is the slope value of the PEPIPICO pattern. The pat-
terns are presented by plotting the slower ion’s TOF vs. the TOF of
the faster ion, and the slope is thus defined as �Tslower

max /�T faster
max ;

the ratio of the velocity-inducied spread of the slower ion’s TOF
to that of the faster ion.

2. In a three-body dissociation there are three possible mecha-
nisms: secondary decay, deferred charge separation,  and concerted
dissociation. In the last one, no general relationship between the
fragmentation mechanism and the slope exist, unlike in the cases
of deferred charge separation and secondary decay.
i) In secondary decay process, Fig. 2(b), the charge separation

occurs in the first step, after which the ejection of a neu-
tral particle by one of the charged particles takes place. The
observed slope depends on whether the neutral particle was
ejected by the ion with the shorter or longer TOF by the lighter
or heavier detected ion. The slope is thus:

k ≈ − M2

M2a
, if M2a < M1 and k ≈ −M2a

M1
,

if M2a > M1.

In the case of M2a = M1 patterns with both slopes are super-
imposed in the PEPIPICO map. Here it is again assumed that
the energy release in the neutral fragment ejection is com-
paratively small.

ii) Deferred charge separation is a two-step process with the
ejection of a neutral fragment from the doubly charged ion

before the charge separation as the second step as presented
in Fig. 2(c). Since the kinetic energy release in the first step is
usually much smaller than during the charge separation, the
two  fragment ions have highly correlated momenta also in
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ig. 2. Fragmentation mechanisms of doubly charged molecules. The fragment/mol
asses  of the different fragments (in a.m.u).

a deferred charge separation process, producing a PEPIPICO
pattern with the slope ≈k − 1 as in the two-body case.

. In the case of four-body dissociation there are three possible
fragmentation mechanism:

i) Fig. 2(d) is very similar to a secondary decay process, the only
difference is that the secondary decay is followed by further
fragmentation of the charged fragment ion. The slope for this
kind process is:

k ≈ − M2

M2b2
, if M2b2 < M1 and k ≈ −M2b2

M1
,

if M2b2 > M1.

ii) Another possibility is a combination of deferred charge sep-
aration and secondary decay presented in Fig. 2(e): first a
neutral fragment is ejected then charge separation takes
place after which another neutral particle is ejected from one
of the cations. The slope of this kind of fragmentation pattern
is determined like in the case of secondary decay:

k ≈ − M2b

M2b2
, if M2b2 < M2a and k ≈ −M2b2

M2b
,

if M2a > M2b.

iii) The third possible fragmentation mechanism is initial charge
separation followed by the ejection of a neutral particle from
both singly charged ions process as in Fig. 2(f). In this case
the slope is determined as follows:k ≈ − M2b

M1b

M1
M2

, if M2b <

M1b and k ≈ − M1b
M2b

M2
M1

, if M2b > M1b.

.2. Calculations

The purpose of the ab initio quantum chemistry calculations was
o determine the appearance energies for various sets on final frag-

ents, i.e.,  the energy above the ground state of the neutral parent
olecule that corresponds to the asymptotic limit of various frag-
entation channels. The experimental intensities shown in Table 2
ere extracted from the PEPIPICO maps by confining each pattern
ith a tilted rectangle and counting how many events each rectan-

le contains. The error bars were taken as statistic uncertainties of
hese numbers of events. The experimental AE values correspond
o the ion fragments with optimal geometries, but the geometries
f the detected ion fragments may  very well be far from optimal.
ne might therefore disagree, whether there is any real corre-

ation between the (AE) values presented here and the detected
ragments’ intensities. Nevertheless, the agreement between cal-
ulated AE values and the experimental intensities of different sets
f fragments was very good for thymine [9],  so similar comparison
etween calculations and experimental results have been carried
ut here also.
Computational studies were executed with the GAMESS (The
eneral Atomic and Molecular Electronic Structure System) pro-
ram [27]. The ab initio calculations were carried out by the
nrestricted Hartree-Fock (UHF) theory [28] with the split-valence
preceding the charge separation is encircled. The different M’s  are representing the

6-311(dp) basis set [29] containing d- and p-polarization functions.
The optimized structures were validated via vibrational frequen-
cies analysis. The calculated appearance energies of fragments were
estimated by subtracting the total energy of the neutral parent
compound from the sum of total energies of its isolated frag-
ments, whose optimized geometries are the lowest minima found
by scanning dense grids of points in 3N-6 dimensional space (of N
atoms). For instance, more than 1900 initial geometries of fragment
C2H3N2O were optimized and they converged to 498 different equi-
librium geometries. The 498 different isomers were then contrasted
for retrieving the one with the lowest total energy.

3.3. Fragment identification and fragmentation processes

Identifying the fragments of multiply charged molecules from
non-coincident ion time-of-flight spectra is severely hampered by
the broadness of the mass peaks due to the typically high kinetic
energy of the fragments. Therefore, the fragment identification and
further analysis has been carried out using the two-dimensional
PEPIPICO maps. Such overview maps corresponding to both sam-
ples, measured in coincidence with C 1s photoelectrons, are
presented in Fig. 3 and the possible coincident fragment combina-
tions corresponding to each pattern have been gathered in Table 1.
The locations of strong patterns are labeled with mass numbers of
the fragments. Experimental slope values for those patterns, that
are clear enough are also presented.

It is noticeable from the PEPIPICO maps that the patterns of indi-
vidual fragment pairs are generally rather blurred. This is not due to
instrumental limitations (in two-body dissociation of CO2 pattern
widths of <25 ns were measured under similar settings). Instead,
the reason is that in the dissociation of such relatively complex
molecule, often several mechanisms contribute to the same pat-
tern and also, as all the patterns also involve neutral fragments, the
momentum correlation of the cations ranges from nonprefect to
nonexistent.

A basic working assumption in our fragment identification pro-
cess is that the parent molecule has only one geometry before
ionization [13] and that the fragmentation can be described as a
series of bond cleavage processes. Besides isotopic labeling, also the
comparison with the results of thymine and 5-bromouracil, which
were studied earlier [9],  and slope analysis [22,30] have been car-
ried out. The experimental slope values are determined by drawing
a centerline on each pattern so that the line and the pattern are
aligned as well as possible. The uncertainty of the lines are esti-
mated to be less than 7◦, which gives the error bars to the patterns
in such way  that the steeper the slope of a pattern, the larger the
error bars. The suggested fragmentation pathways in the following
text are chosen by first experimentally determining the slope of
each pattern and then trying which of the processes in Fig. 2 give

the best matching slope within the error limits. The discussion is
given below and the identification follows the order of Table 1.

The lowest mass ion pairs correspond to (12, 28) and (13, 28)
patterns on both normal and 13C-uracil’s maps (all masses given
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Table 1
Possible cation pairs of uracil and 13C-Uracil corresponding the patterns in Fig. 3(a) and (b) respectively.

Uracil 13C-Uracil
Masses Fragments k Masses Fragments k Masses Fragments Masses Fragments

12, 28 C+ HNCH+

CO+
7.1 ± 6.3 26, 43 C2H2

+

CN+
HNCO+ 12, 28 C+ HNCH+

CO+
26, 43 C2H2

+

CN+
N13CO+

13, 28 CH+

CO+
HNCH+ 5.6 ± 4.1 28, 38 HNCH+

CO+
C2N+ 1.04

± 0.3
13, 28 CH+

CO+
HNCH+ 26, 44 C2H2

+CN+ HN13CO+

13, 42 CH+ NCO+ 28, 39 HNCH+ C2NH+ 0.97
± 0.3

13, 43 CH+ N13CO+ 28, 38 HNCH+ C2N+

13, 43 CH+ HNCO+ CO+ 13, 44 CH+ HN13CO+ CO+

14, 42 CH2
+

N+
NCO+ 28, 40 HNCH+

CO+
C2NH2

+C2O+ 1.0 ± 0.3 14, 43 CH2
+

N+
N13CO+ 28, 39 HNCH+

CO+
C2NH+

14, 43 CH2
+

N+
HNCO+ 28, 41 HNCH+

CO+
C2NH3

+

C2OH+
0.97 ± 0.3 14, 44 CH2

+

N+
HN13CO+ 28, 40 HNCH+

CO+
C2NH2

+

C2O+

16, 38 O+ C2N+ 28, 42 HNCH+ NCO+ 1.07 ± 0.3 16, 38 O+ C13CN+ 28, 41 HNCH+ C2NH3
+

16, 40 O+ C2NH+

C2O+
28, 43 CO+

HNCH+
HNCO+ 2.25 ± 0.7 16, 40 O+ C13CNH+

C2NH+

C2O+

28, 43 CO+

HNCH+

CO+

C2OH+

N13CO+

27, 28 CNH+ HNCH+

CO+
38, 43 CO+

C2N+
HNCO+ 1.07 ± 0.3

27, 28 CNH+ HNCH+

CO+
28, 44 HNCH+

CO+
HN13CO+

28, 28 HNCH+

CO+
CO+ 39, 4340, 43 C2NH+

C2NH2
+

HNCO+

HNCO+
1.04 ± 0.3
1.53 ± 0.5

28, 28 HNCH+

CO+
CO+

13CNH+
38, 4339, 43 C2N+

C2NH+
HNCO+

HNCO+

28, 29 CO+ HNCH2
+ C2O+

26, 42 C2H2
+

CN+
NCO+ 41, 43 C2NH3

+C2OH+ HNCO+ 1.66 ± 0.5 28, 29 HNCH+

CO+

13CO+

C2O+
40, 44 C2NH2

+ HN13CO+

29, 29 13CO+ HNCH+
2 41, 44 C2NH3

+

C2OH+
HN13CO+
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n a.m.u. from here on). This means that the 13C is not involved
n these fragments, because if the lighter fragment would contain
3C, the patterns on 13C-uracil’s map  would be (13, 28) and (14,
8). If the heavier fragment contained 13C, the 13C-uracil’s patterns
ould correspond to (12, 29) and (13, 29). Because the pattens cor-

espond to the same masses on both maps (see Fig. 3), the masses
2 and 13 must represent C+ and CH+ fragments, respectively, and
he fragment with mass 28 is most likely HNCH+. According to
he simple cleavage picture, these fragments are initially located
long the pyrimidine ring as in Fig. 4; at the exact same location as
he corresponding pairs in thymine [9].  Fig. 4 also shows the sug-
ested fragmentation pathways creating the detected patterns. As
ne can see, both above-mentioned fragment pairs have two  pos-
ible formation channels. This is likely the reason why  the pattern
orresponding to the mass pair (13, 28) has such distorted shape,
specially on 13C-uracil’s case in Fig. 3(b). Other possible fragments
uch as 13C, CO+ and 13CO+ could also contribute to the discussed
atterns, but as for example the pattern (13, 29) in Fig. 3(b) is quite

eak, it is safe to assume that other fragments than C+, CH+ and
NCH+ have much less intensity.
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The next patterns in Fig. 3 correspond to masses (13, 42), (14,
42) and (16, 38/40) in case of uracil and (13, 43), (14, 43) and
(16, 39/40) in case of 13C-uracil. Masses 13 and 14 are CH+ and
N+ or CH2

+, respectively, and their coincident fragment is NCO+

(N13CO+ in case of 13C-uracil). Because the patterns on 13C-uracil’s
map (Fig. 3(b)) are shifted one mass unit up compared to those in
normal uracil’s map  (Fig. 3(a)) it is very clear that the heavier frag-
ment contains now the C2 carbon. There are also weak patterns
corresponding to masses 43 on uracil’s map  and 44 on 13C-uracil’s
map, which indicates that the NCO+ (13NCO+) patterns result from
further fragmentation of HNCO+ (H13NCO+), which is the frag-
ment corresponding to mass 43 (44). It is perhaps unexpected that
HNCO+ fragments further to NCO+ because neither thymine nor
5-bromouracil exhibited such behavior [9].  The pattern (16, 38)
although being very weak and therefore conclusions about it are
highly suspect, is also quite interesting, because it has shifted to (16,
39) in 13C-uracil’s map. This means that the heavier fragment must
be C2N+ (13CCN+) the lighter fragment being O+, again the heavier

fragment contains the C2 carbon. One notices that the initial site of
fragments where the corresponding 13C-uracil’s fragment contains
13C, is very well determined. The pattern (16, 40) has two possible
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and (13, 28). The k values are theoretical values calculated using the equations
 (d) of Fig. 2 and the process(es) (b) corresponds to processes (c) or (e) of Fig. 2.
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Fig. 5. Sites of origins of coincident fragments corresponding to p

ssignments resented in Table 1, it is clear that the C2 carbon is not
ncluded, because if it was, there would be a pattern corresponding
o (16, 39) on uracil’s map  (Fig. 3(a)) and there is not.

Next patterns on Table 1 are (27, 28), (28, 28) and (28, 29) for
racil and (27, 28), (28, 28), (28, 29) and (29, 29) for 13C-uracil. These
atterns are strong, but quite blurry, so no detailed fragmentation
athways are given here or in Fig. 5, only the fragments and sites
f origins. We  discuss here only about those fragments believed
o be the most common although all the fragments presented in
able 1 probably contribute. Starting with pattern (27, 28); pro-
osed fragments are HNC+ and CO+ as in Fig. 5(a). This is justified,
ince in case of 13C-uracil, the proposed fragments would create not
nly the (27, 28) pattern, but also a pattern corresponding to (27,
9). Closer investigation of the 13C-uracil’s map  (Fig. 3(b)) indicates
hat indeed also a pattern corresponding to (27, 29) exists. Another
ossible fragment assignment for (27, 28) is (CNH+, HCNH+), which

n case of 13C-uracil would spread, because of the 13C, into two
attens; (27, 28) and (28, 28) (see Fig. 5(b)) which are present in
ig. 3(b). Pattern (28, 28) is clearly the most intensive on both sam-
les’ maps. This means, that although both CO moieties presented

n Fig. 5(a) are possible to appear in coincidence with HNCH+, the
ragment pair corresponding to (28, 28) is most likely (HNCH+, CO+)
here the CO+ fragment contains particularly the C4 carbon. Only

hen (HNCH+, CO+) is the only pair corresponding to masses (28, 28)
n case of uracil and 13C-uracil. Lastly, perhaps the most interesting
attern; (28, 29) on uracil’s map  (Fig. 3(a)). The mass 29 indicates
hat a hydrogen migration takes place during the dissociation pro-
ess, which is very unique. Because 13C-uracil creates a pattern (29,
9), but not patterns (28, 30) or (29, 30), the hydrogen must migrate

nto HNCH moiety. This is because both CO parts of the molecule
re in equal positions from the hydrogens’ points of view and if a
ydrogen was to migrate into another CO parts of the molecule,
here is no reason, why this would not happen with the other CO
art too. Therefore the (28, 29) pattern of uracil corresponds most

ikely to (CO+, HNCH2
+), as presented in Fig. 5(c).

Like some of the previous pairs, also those corresponding to
asses (26, 42) and (26, 43) in the case of uracil do not have corre-

ponding pairs from the same pyrimidine ring fractions in the case
f thymine and 5-bromouracil [9].  The corresponding fragments in
ase of 13C-uracil, are (26, 43) and (26, 44), which means that the
eavy fragments are NCO+ and HNCO+ (13NCO+ and H13NCO+ for
3C-uracil). Table 1 suggests two light fragments, but as there is no
attern corresponding to (27, 42/43), it is unlikely that the HNCH+

ould only fragment further into CN+ and not into CNH+. Therefore
uthors believe the the fragment with mass 26 is C2H2

+.
The next set of patterns is a bit blurred since the patterns are

ong and relatively weak. On both maps of Fig. 3, the patterns corre-
pond to mass 28 on the x-axis and masses 38–41 on the y-axis. The
ossible fragment combinations are presented in Table 1 and the

uggested fragmentation pathways are those in Fig. 6. The channel
n Fig. 6(a) spans over all four patterns considered here whereas the
rocess in Fig. 6(b) covers only the two heaviest ones. It is likely that
oth processes do occur, but the process (b) is more probable – sup-
s with masses (27, 28) (a), (28, 28) (b) and (28, 29) (c) in Fig. 3 (a).

ported by the fact that thymine produces corresponding fragments
for those of process (b) but not for those of process (a) [9].

The most intense pattern of all is the one corresponding masses
(28, 43) for uracil and (28, 44) for 13C-uracil, which means that the
heavy pattern is again HNCO+ (H13NCO+ for 13C-uracil). Although
Table 1 gives two possibilities for the fragment with mass 28, we
expect that the pattern consist mostly of HNCH+. This is because
according to our calculations, the (HNCH+, HNCO+) pair has much
lower appearance energy than (CO+, HNCO+) and because thymine
and 5-bromouracil also had a strong fragmentation channel for
(HNCH+, HNCO+) [9].  What thymine or 5-bromouracil did not
exhibit, is the further fragmentation of the HNCO+ fragment, which
seems to be quite common for uracil (see patterns (28, 42) and (28,
43) on Fig. 3(a) and (b) respectively). It is perhaps a little misleading
to say that in some cases the HNCO+ fragment dissociates further,
because the coincident pairs (HNCH+, HNCO+) and (HNCH+, NCO+)
have very different fragmentation pathways as one can see from
Fig. 7.

The last four patterns discussed here are located differently on
uracil’s map  than on 13C-uracil’s map  (see Fig. 3). In the case of
uracil, all patterns are on same row, but on 13C-uracil’s map  there
are two rows. This means that there are probably two processes
as described in Fig. 8 that produce the detected patterns. Because
13C-uracil seems not to produce C2NHn

+ fragments where n = 0,1 in
coincidence with HN13CO+ it would be quite unexpected, if it would
do so with HN13CO+. Therefore, the authors propose the process (a)
in Fig. 8 for patterns (38, 43), (39, 43) and (40, 43) (both samples)
and process (b) in Fig. 8 for patterns (40, 43) and (41, 43) ((40,
44) and (41, 44) for 13C-uracil). We  do not totally exclude C2NHn

+

fragments (where n = 2,3) and in fact, our calculations, which are
described in the next section, suggest that C2NH2,3

+ are much more
likely to appear in coincidence with HNCO+ than C2OH0,1

+. It is just
not very logical, which is the reason for preferring the process (b)
of Fig. 8.

3.4. Pattern intensities and appearance energies

Next we  study the correspondence between the calculated AE
values and experimental intensities of the different fragments. The
values are presented in Table 2 and the intensities vs. the calculated
AE values are also plotted in Fig. 9 that also shows similar data for
thymine, as a reference.

As one can see, uracil (as well as thymine) has a rising trend
of the AE as a function of decreasing intensity. This trend is quite
scattered and with several fragments, the correlation between AE
values and the intensities of the detected fragments is weak. For
some fragments, an explanation for large deviations from the trend

could be as follows: for example, the (41, 43)-pattern most likely
results from the process:

U2+ → HNCO+ + C3H3NO+ → HNCO+ + C2H3N+ + CO,k  ≈ −1.7.
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Table 2
Cation pairs of uracil patterns in Fig. 3(a) with their experimental intensities and calculated AE values. Those processes believed to be less likely are presented in brackets.

M1, M2 Iexp (relative) Cation1 Cation2 Neutral fragment(s) AE (eV)

12, 28 0.26 ± 0.1 C+ HNCH+ C2HN2O + H 28.0
13,  28 0.35 ± 0.1 CH+ HNCH+ C2HN2O 25.0
27,  28 0.81 ± 0.07 CNH+ CO+ HNCO + CH + H 29.2

(CNH+ HNCH+ C2HO + O) 29.9
28,  28 1.00 ± 0.08 HNCH+ CO+ C2H2NO 23.9

(HNCH+ CO+ CH + HNCO) 27.5
28,  29 0.46 ± 0.08 CO+ HNCH2

+ C2HNO 24.4
28,  38 0.45 ± 0.08 CO+ C2N+ HNCO + H2 + H 34.3
28,  39 0.60 ± 0.08 CO+ C2NH+ HNCO + H2 31.0
28,  40 0.62 ± 0.08 HNCH+ C2O+ HNCO + H 25.9

(CO+ C2NH2
+ HNCO + H) 26.5

28,  41 0.72 ± 0.07 HNCH+ C2OH+ HNCO 21.6
(CO+ C2NH3

+ HNCO) 22.6
28,  42 0.45 ± 0.08 HNCH+ NCO+ C2HO + H 29.0
28,  43 0.96 ± 0.06 HNCH+ HNCO+ C2HO 22.5
38,  43 0.31 ± 0.1 C2N+ HNCO+ CO + H2 + H 27.8
39,  43 0.56 ± 0.08 C2NH+ HNCO+ CO + H2 28.2
40,  43 0.87 ± 0.06 C2O+ HNCO+ HNCH + H 28.7

(C2NH2
+ HNCO+ CO + H) 23.6

41,  43 0.68 ± 0.07 C2OH+ HNCO+ HNCH 24.4
(C2NH3

+ HNCO+ CO) 19.8
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ig. 9. Relative intensities (with error bars) vs. calculated AE values of different fragm
resented in brackets in Table 2.

If the C2NH3
+ fragments further:

2+ → HNCO+ + C3H3NO+ → HNCO+ + C2H3N+ + CO → HNCO+

+ HNCH+ + CO + CH,k  ≈ −2.48.

This process is very similar to that in Fig. 7(a). In fact, it is impos-
ible to say if it is the process (a) in Fig. 7 or the process presented
bove that produces the (28, 43) pattern, as both processes give
he exact same slope. The lack of intensity in pattern (41, 43) can
e explained by the instability of the C3H3NO+-fragment. The trend

n thymine (Fig. 9(b)) is largely defined by a single dominant frag-
entation channel that has also the lowest AE. In uracil, however,

here is no such single dominant process. The reason is probably the
ack of the methyl group in uracil. The methyl group seems to alter
he dissociation process just enough so that the (HNCH+, HNCO+)
ragment becomes clearly the most abundant ion pair to result from
he core ionization.

. Conclusions
The present study confirms that the fragmentation of uracil fol-
owing the C 1s core ionization can very well be described as a
eries of bond cleavages, starting from breaking up the pyrim-
tion channels of uracil (a) and thymine (b). The gray markers belong to the processes

idine ring and followed by one or multiple steps of secondary
fragment dissociations. It has become clear that the pyrimidine
ring itself, being a very stable form, does not undergo any geomet-
rical rearrangements preceding the separation of the fragments;
only the fraction of the ring initiates the restructuring process(es)
of the ring fragment(s) towards energetically more favorable
form.

The ionic fragments following the core ionization of uracil
molecule are quite similar to those from core ionization of thymine
and 5-bromouracil. For example the (HNCO+, HNCH+) pair is one
of the most common pairs for all three samples. Also fragments
CHn

+, (n = 0,1) CO+, C2NHn
+, (n = 0–3) and C2OH+ have correspond-

ing fragments in case of thymine and/or 5-bromouracil. The above
mentioned fragments are also strongly present in the fragmen-
tation of singly ionized uracil [10,11]. This result supports the
conclusion that no matter what functional groups are attached to a
pyrimidine ring, the fragmentation mainly follows a certain pattern
where the ring “prefers” the fracture of certain bonds.

Some new features appear in uracil, not observed in thymine

or 5-bromouracil. First is the detection of the C2N+ fragment con-
taining C2 carbon. Second is the detection of HNCO+ fragment
containing the C4 carbon. This is quite unexpected, since with
thymine or 5-bromouracil we  assumed that the carbon in HNCO+
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ould always be the C2 carbon. Now we know that it not so and
lso have a more clear picture of the fragmentation of pyrimidine
erivatives in general: it is very likely that the carbon atom in
NCO+ fragment is no other than C2, but it is clear too that such

ragmentation channel(s) which produce HNCO+ containing differ-
nt carbon atom than C2 also exist. The third observation is more a
ifference than a unique feature; the intensity difference between
he fragments is smaller in the case of uracil than with thymine or
-bromouracil and also less very weak patterns exist on uracil’s
EPIPICO map. These effects are probably due to the replace-
ent of the hydrogen atom with a methyl group (or a bromine

tom), but in order to get more insight to these effects more
tudies with pyrimidine derivatives or pyrimidine itself would be
eneficial.
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